Abstract. We previously demonstrated that thymosin β4 (Tβ4) regulates a variety of endothelial progenitor cell (EPC) functions, including cell migration, proliferation, survival and angiogenesis. However, the effect of Tβ4 on the senescence of circulating EPCs remains unclear. In the present study, the effect of Tβ4 on EPC senescence and the signal transduction pathways involved in this process was investigated. Circulating EPCs isolated from healthy volunteers were cultured in the absence or presence of Tβ4 and various signal cascade inhibitors. Tβ4 inhibited EPC senescence in a concentration-dependent manner. In addition, Tβ4 increased telomerase activity and expression of telomerase reverse transcriptase mRNA in EPCs. Tβ4 also regulated the expression of p21, p27 and cyclin D1. The effects of Tβ4 on EPC senescence were eliminated by the phosphoinositide 3'-kinase (PI3K) inhibitor, wortmannin and the endothelial nitric oxide synthase inhibitor, L-nitroarginine methyl ester hydrochloride (L-NAME). In conclusion, the inhibitory effect on EPC senescence mediated by Tβ4 may be attributed, at least in part, to activation of the PI3K-Akt-eNOS signaling pathway.
Introduction
Endothelial progenitor cells (EPCs) are a specific subtype of hematopoietic stem cells present in peripheral blood that express various combinations of antigens traditionally associated with hematopoietic stem and endothelial cells, including kinase insert domain-containing receptor, CD34 and CD133 (1) . Previous studies have identified that EPCs contribute to neovascularization of ischemic tissue and reversal of endothelial dysfunction (2, 3) , indicating a potential application in cell therapy to augment vascularization in patients with ischemic heart disease (4). However, there are limited numbers of EPCs in the circulating blood (<0.05% of leukocytes) (5) and the number and functional activity of EPCs in healthy volunteers and patients with coronary artery disease is affected by various risk factors, including aging, diabetes, hypercholesterolemia, hypertension and smoking (6) . Allogeneic transfusion of EPCs from healthy donors leads to immunological incompatibility in specific individuals; therefore, the functional enhancement of autologous EPCs, including enhanced mobilization, homing, survival and secretion of growth factors in a paracrine or autocrine manner, must be developed for EPC-based therapies for cardiovascular diseases.
Our previous studies demonstrated that thymosin β4 (Tβ4) increases EPC migration and decreases EPC apoptosis under serum deprivation via the phosphoinositide 3'-kinase (PI3K)-Akt-endothelial nitric oxide synthase (eNOS) signal transduction pathway (7, 8) . However, the effect of Tβ4 on senescence of circulating EPCs remains unresolved. Cellular aging or senescence is characterized by cell cycle arrest and is triggered by various signaling pathways (9) . Understanding of the mechanisms underlying cellular senescence has developed significantly, and senescence is currently associated with attrition (i.e., reduced length) of telomeres (10) . Telomerase, a ribonucleoprotein with reverse transcriptase activity, extends telomeres of eukaryotic chromosomes and delays the development of senescence (11) . Furthermore, a senescent phenotype is induced by expression of cyclin-dependent kinase inhibitors (CDKIs) (12) . The cyclin-dependent kinases (CDKs) are central to the coordination of the eukaryotic cell cycle and function to integrate diverse growth regulatory signals. The majority of anti-proliferative signals lead to induction of CDKIs, including p27
Kip1 and p21 Cip1/Waf1 and therefore these cell cycle inhibitors have been studied as biomarkers of senescence (12) .
The aim of the present study was to investigate the effects of Tβ4 on EPC senescence and telomerase activity and to define the signal transduction pathway involved in this process.
Materials and methods

Isolation, cultivation and characterization of circulating
EPCs. EPCs were isolated, cultured and characterized according to previously described techniques (13, 14) . Briefly, Thymosin β4 reduces senescence of endothelial progenitor cells via the PI3K/Akt/eNOS signal transduction pathway peripheral blood mononuclear cells were isolated from healthy volunteers by density-gradient centrifugation with Ficoll (Cedarlane Laboratories Ltd., Hornby, ON, Canada) according to the manufacturer's instructions. All blood samples were obtained, processed and analyzed individually in independent experiments. Following purification with 3 washing steps, 1x10 7 peripheral blood mononuclear cells were plated on fibronectin-coated 6-well plates (Chemicon, Temecula, CA, USA). Cells were cultured in endothelial basal medium-2 (Clonetics Corp., Walkersville, MD, USA) with single aliquots of EGM-2MV containing 5% fetal bovine serum, vascular endothelial growth factor, fibroblast growth factor-2, epidermal growth factor, insulin-like growth factor and ascorbic acid. Following 4 days in culture, non-adherent cells were removed by washing with phosphate-buffered saline (PBS), fresh medium was applied and the culture was maintained for 7 days. The study was approved by the ethics committee of Zhejiang University, and performed in accordance with the 1964 Declaration of Helsinki. Informed consent was obtained from all volunteers.
Senescence-associated β-galactosidase (SA-β-gal) staining. Following incubation for 7 days, the culture medium was replaced with fresh medium and cells were cultured in the absence or presence of Tβ4 (0, 1, 10, 100 and 1,000 ng/ml) (ProSpec-Tany TechnoGene Ltd., Rehovot, Israel) for a further 24 h. EPCs were harvested and SA-β-gal activity was measured with the Senescence β-gal Staining kit (Cell Signaling Technology Inc., Danvers, MA, USA) as described previously (15) .
Real-time reverse transcription-polymerase chain reaction (RT-PCR).
Total RNA was extracted from EPCs with TRIzol (Invitrogen Life Technologies, Carlsbad, CA, USA) according to a modification of the method described by Chirgwin et al (16) . RNA (1-2 µg) was converted into cDNA using murine leukemia virus reverse transcriptase (Promega Corp., Madison, WI, USA). Transcribed cDNA was then used as a template in PCR amplification to measure the expression of hTERT. Primers used for hTERT PCR were as follows: sense, 5'-AGA GTG TCT GGA GCA AGT TGC-3'; and antisense, 5'-CGT AGT CCA TGT TCA CAA TCG-3'. Amplification produced a 182-bp hTERT fragment (nucleotides 1789-1971; GenBank no. AF018167) that was verified by southern blot analysis and nested PCR as previously described (17) . Primers used for GAPDH PCR were as follows: sense, 5'-GGG TGT GAA CCA TGA GAA GT-3'; and antisense, 5'-GAC TGT GGT CAT GAG TCC T-3'. GAPDH was amplified as a reference and produced a 136-bp product. Real-time PCR was performed using an ABI 7500 cycler (Applied Biosystems, Foster City, CA, USA) with SYBR-Green PCR mix (Takara, Shiga, Japan) according to the manufacturer's instructions. These experiments were repeated 3 times for each cell line.
Detection of telomerase activity. EPCs were washed in PBS, lysed with 30 µl lysis buffer and the telomeric repeat amplification protocol (TRAP) assay for telomerase activity was performed using the TeloTAGGG Telomerase PCR ELISA Plus Kit (Roche Diagnostics, Indianapolis, IN, USA) according to the manufacturer's instructions, as described previously (18) .
Western blot analysis. Following 7 days of culture, EPCs were deprived of serum for 12 h to render the cells quiescent. Cells were cultured for an additional 24 h in the absence or presence of Tβ4 (1,000 ng/ml) and the PI3K-inhibitor wortmannin or the eNOS inhibitor L-nitroarginine methyl ester hydrochloride (L-NAME; Sigma-Aldrich, St. Louis, MO, USA). EPCs were collected and lysed with lysis buffer as previously described (19) . Proteins (50 µg/lane) were separated on SDS-polyacrylamide gels and blotted onto PVDF membranes (Bio-Rad, Hercules, CA, USA). Western blot analysis was performed using antibodies against cyclin D1, p21
Cip1/Waf1 or p27 Kip1 (Cell Signaling Technology Inc.). Following reaction with enhanced chemiluminescence reagent (Amersham Pharmacia Biotech, Haemek, Israel), images were captured using an image reader LAS 4000 system (Fujifilm, Tokyo, Japan).
Statistical analysis.
All experiments were performed at least three times. Data were analyzed by unpaired Student's t-test for comparisons between two groups or one-way ANOVA for multiple comparisons and are expressed as the mean ± SEM. P<0.05 was considered to indicate a statistically significant difference.
Results
Tβ4 prevents senescence of EPCs in a dose-dependent manner. EPCs were exposed to Tβ4 at various concentrations (0, 1, 10, 100 and 1,000 ng/ml) for 24 h and the senescence levels were measured by SA-β-gal staining, which is widely used as a biomarker of senescence (15) . As demonstrated in Fig. 1 , Tβ4 decreased senescence of EPCs in a dose-dependent manner, with a maximal effect at 1,000 ng/ml.
Effects of Tβ4 on hTERT mRNA expression in EPCs.
To investigate the effect of Tβ4 on the expression of hTERT mRNA, EPCs were treated with Tβ4 (1,000 ng/ml) for 24 h 
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and real-time RT-PCR analysis was performed. As demonstrated in Fig. 2 , expression of hTERT mRNA was identified as significantly increased by cotreatment with Tβ4 for 24 h. Previously, Tβ4 treatment of EPCs was revealed to stimulate time-dependent phosphorylation of Akt and eNOS (8) , which is known to regulate the senescence of mature endothelial cells. In the present study, the PI3K inhibitor wortmannin and eNOS inhibitor L-NAME were utilized to assess involvement of the PI3K pathway and eNOS. As revealed in Fig. 2 , pretreatment with wortmannin (100 nM) or L-NAME (100 µM) for 30 min was identified to significantly reverse the increase in expression of hTERT mRNA induced by Tβ4, suggesting that Tβ4 affects EPC senescence via the PI3K-Akt-eNOS signal transduction pathway (P<0.05).
Tβ4 stimulates telomerase activity in EPCs.
Senescence is hypothesized to be triggered by shortening of telomere length (18) . Telomere shortening during cell division is counteracted by telomerase activity, therefore, we analyzed telomerase activity in EPCs. As demonstrated in Fig. 3 , incubation of EPCs with Tβ4 was identified to result in a significant increase in telomerase activity (P<0.05). The Tβ4-induced increase in telomerase activity was suppressed by wortmannin (100 nM) or L-NAME (100 µM), similar to the effect of these inhibitors on hTERT mRNA expression.
Effects of Tβ4 on cell senescence-related proteins in EPCs.
The senescent phenotype is induced by expression of CDKIs. To this end, expression patterns of p21, p27 and cyclin D1 have previously been studied as biomarkers of senescence (12) . Therefore, investigation of the expression of the pro-senescent proteins p21 and p27 and the anti-senescent protein cyclin D1 by western blot analysis was performed in the present study. As revealed in Fig. 4 , p21 and p27 protein expression was decreased by treatment with Tβ4 for 24 h, whereas cyclin D1 protein expression was increased. These effects were eliminated by treatment with wortmannin (100 nM) or L-NAME (100 µM), suggesting that the PI3K-Akt-eNOS signal transduction pathway is involved in the process by which Tβ4 attenuates EPC senescence.
Discussion
Results of the present study revealed that exogenous Tβ4 protected EPCs from senescence in a concentration-dependent manner and suggested that this may be associated with activation of telomerase and elongation of telomeres. In addition, the importance of PI3K-Akt-eNOS activation in this process was demonstrated.
The essential role of vascular endothelium in cardiovascular disorders is increasingly being recognized. Although mature endothelial cells contribute to the repair of endothelial Figure 4 . Effect of Tβ4 on expression of p21, p27 and cyclin D1. EPCs on day 7 were treated with 1,000 ng/ml Tβ4 with or without pretreatment with wortmannin (100 nM) or L-NAME (100 µM) for 30 min. Tβ4-induced EPC senescence was attenuated by wortmannin or L-NAME. Expression of (A) p21, (B) p27 and (C) cyclin D1 was analyzed by western blot analysis. GAPDH served as a loading control. Data are presented as mean ± SEM (n=3). * P<0.05 vs. control; # P<0.05 vs. cells treated with Tβ4 only. Tβ4, thymosin β4; L-NAME, L-nitroarginine methyl ester hydrochloride; EPCs, endothelial progenitor cells. Figure 2 . Effect of Tβ4 on hTERT mRNA expression. On day 7, EPCs were treated with Tβ4 (1,000 ng/ml) for 24 h with or without pretreatment with wortmannin (100 nM) or L-NAME (100 µM). Data are presented as the mean ± SEM from a representative experiment performed in triplicate. * P<0.05 vs. control; # P<0.05 vs. cells treated with Tβ4 only. Tβ4, thymosin β4; hTERT, human telomerase reverse transcriptase; EPCs, endothelial progenitor cells; L-NAME, L-nitroarginine methyl ester hydrochloride. Figure 3 . Effect of Tβ4 on telomerase activity. (A) Following 7 days of cultivation, Tβ4 was added for 24 h with or without pretreatment with wortmannin (100 nM) or L-NAME (100 µM) and telomerase activity was measured by the TRAP assay. Data are presented as the means ± SEM. * P<0.05 compared with control; # P<0.05 compared with Tβ4 (1,000 ng/ml). (B) Representative PAGE gel of TRAP-PCR. Lane 1, negative control; lanes 2 and 3, telomerase activity in the presence of Tβ4 for 24 h (0 and 1,000 ng/ml); lanes 4 and 5, telomerase activity in the presence of 1,000 ng/ml Tβ4 for 24 h with pretreatment with wortmannin (100 nM) or L-NAME (100 µM); lane 6, positive control. All experiments were repeated at least 3 times and a representative result is presented. Tβ4, thymosin β4; L-NAME, L-nitroarginine methyl ester hydrochloride; TRAP, telomeric repeat amplification protocol.
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injury, the cells possess limited regenerative capacities (20) . Previous studies indicate that postnatal neovascularization does not rely exclusively on sprouting of mature endothelial cells in pre-existing vessels (angiogenesis) but also involves circulating EPCs (1,2). Importantly, injection of cultivated EPCs enhances neovascularization (21) and this process was identified to improve cardiac function (22) . These beneficial properties of EPCs make them attractive candidates for cell therapy that targets the endothelial regeneration of ischemic tissue. However, ex vivo cultivation of EPCs leads to rapid onset of EPC senescence (15), a major risk factor for coronary and peripheral artery disease. In addition, one of the consequences of aging is a decline in the ability of the organism to respond to various stresses, including ischemia. Moreover, the number and functional activities of EPCs are diminished by aging (23) . Anti-senescence may be a novel therapeutic strategy for vascular aging and therefore the prevention of cellular senescence of EPCs may have important clinical implications, particularly in diseases associated with increased cellular senescence, including atherosclerosis. Aging leads to an irreversible state of cell cycle arrest known as replicative senescence, which is associated with telomere shortening (11) . Telomerase, a RNA-directed DNA polymerase, extends telomeres of eukaryotic chromosomes and delays the development of senescence. A number of previous studies have demonstrated that telomere length and telomerase activity of circulating EPCs are decreased in patients with various risk factors for coronary artery disease (5, 24) . Similarly, evidence indicates that EPC subpopulation senescence may be mediated partly by the telomerase-dependent telomere length mechanism. There is a good correlation between the expression of hTERT mRNA and the presence of telomerase activity (25) . Overexpression of hTERT by adenovirus-mediated gene delivery delays senescence of EPCs (24) . In the present study, telomerase activity in EPCs was increased by treatment with Tβ4 and this activation was accompanied by increased expression of hTERT mRNA. Tβ4 delayed EPC senescence through telomerase activation, which may be associated with Tβ4-induced upregulation of the expression of hTERT. However, replicative senescence is also regulated by a telomere-independent mechanism. In addition, cellular senescence is induced by DNA damage, cellular stress and oncogenic activation (26) . Further studies are required to elucidate the mechanisms underlying the inhibitory effects of Tβ4 on senescence in EPC.
CDKs regulate and coordinate the eukaryotic cell cycle. CDKs are controlled through several processes, including binding of inhibitory Cip subunits (12) . For example, p27 Cip2 binds to the phosphorylated CDK2-cyclin A complex, interacting with the CDK and cyclin (27) , whereas p21
Cip1 inhibits CDK activity with selectivity for G1/S phase CDK-cyclin complexes (28) . The majority of anti-proliferative signals lead to induction of CDK inhibitors. Indeed, senescence augments the expression of cell-cycle inhibitory proteins, including p27
Kip1 or p21 Cip1/Waf1 (29, 30) . In the present study, Tβ4 treatment upregulated the expression of cyclin D1 and reduced the expression of p27 and p21. These results suggest that the effects of Tβ4 on EPC senescence involve regulation of cyclin D1, p27 and p21, providing a mechanism for the control of EPC life span by Tβ4.
Possible signal transduction pathways involved in the effects of Tβ4 on senescence were also investigated. The PI3K-Akt complex is a critical component of the pathway that regulates signaling of multiple biological and pathophysiological processes, including apoptosis, metabolism, cell migration, cell proliferation and cell growth (31) . Previous studies demonstrated that Tβ4 activates the PI3K-Akt-eNOS pathway (7, 8) which is required to regulate cellular senescence (32) . Therefore, we hypothesized that this pathway may regulate Tβ4-mediated EPC senescence. In the present study, Tβ4-induced prevention of EPC senescence and upregulation of telomerase activity and hTERT mRNA were significantly attenuated by the PI3K inhibitor (wortmannin) and the eNOS inhibitor (L-NAME) indicating that the PI3K-Akt-eNOS signal transduction pathway is involved in the effects of Tβ4 on EPC senescence.
In conclusion, the results of the present study demonstrate that Tβ4 prevents EPC senescence by activation of the PI3K-Akt-eNOS signaling transduction pathway. These observations require further investigation of EPC-based cytotherapy in clinical applications, particularly in diseases associated with increased cellular senescence, including atherosclerosis.
